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This paper is a perspective paper, which investigates whether the water footprint (WF) concept ad-
dresses the water–food–energy–ecosystem nexus. First, the nexus links between (1) the planetary
boundary freshwater resources (green and blue water resources) and (2) food security, energy security,
blue water supply security and water for environmental ﬂows/water for other ecosystem services (ES)
are analysed and graphically presented. Second, the WF concept is concisely discussed. Third, with re-
spect to the nexus, global water resources (green and blue) availability and use are discussed and gra-
phically presented with an indication of quantities obtained from the literature. It is shown which of
these water uses are represented in WF accounting. This evaluation shows that general water manage-
ment and WF studies only account for the water uses agriculture, industry and domestic water. Im-
portant water uses are however generally not identiﬁed as separate entities or even included, i.e. green
and blue water resources for aquaculture, wild foods, biofuels, hydroelectric cooling, hydropower, re-
creation/tourism, forestry (for energy and other biomass uses) and navigation. Fourth, therefore a list of
essential separate components to be included within WF accounting is presented. The latter would be
more coherent with the water–food–energy–ecosystem nexus and provide valuable extra information
and statistics.
& 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
It has now become clear that integrated research approaches
and policy formulations need to address often complicated inter-
actions, such as the water–food–energy–ecosystem services nexus
(WWAP, 2014). Generally national governments and international
organizations have separate departments/ministries dealing with
water, energy, and agriculture. They often deﬁne and implement
policies for each sector separately (SEI, 2014). The same is true of
research on these issues: expertize on energy, water and agri-
culture is clustered in separate groups, with often limited inter-
action (SEI, 2014). The nexus approach recognizes that water, en-
ergy and food are closely linked, through global and local water,
carbon and energy cycles.
Research and resulting scientiﬁc literature on the water foot-
print (WF) concept has been growing fast the last few years
(Chenoweth et al., 2014; Vanham and Bidoglio, 2013). The latter
authors display the strengths but also some weaknesses of the WF
concept. To provide for water security, energy security and food
security, essential resources are required (e.g. land, water and
nutrients).B.V. This is an open access article u
davy.vanham@yahoo.deThis paper focuses on the resource water by means of the WF
concept. It aims at analysing to what extent the WF concept pro-
vides relevant information to address this nexus, which compo-
nents of the nexus are represented and which not, and whether
improvements in current WF accounting should be made.
To assess these objectives, a literature review is made. Data
used in the paper are obtained from the literature. Following
objectives:
 To what extent does the WF concept provide relevant in-
formation to address the water–food–energy–ecosystem
nexus?
 Which nexus components are represented and which not? Are
potential lacking components important quantitatively?
 Should improvements in current WF accounting be made?
are addressed in the Section 2.1 (The water–food–energy–ecosys-
tem services nexus), 2.2 (The water-footprint (WF) concept) and
2.3 (Global water resources, water use and the WF concept
relation).
As a result, Section 2.4 describes which components should be
minimally included in WF accounting to address the water–food–
energy–ecosystem nexus.
As such, the paper is not a research paper, but a perspectivender the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
D. Vanham / Ecosystem Services 17 (2016) 298–307 299paper.Fig. 2. Graphical representation of the nexus (based upon (Hoff, 2011)) showing
the links between (1) available water resources (green and blue) and (2) food se-
curity; energy security; blue water supply security and water for environmental
ﬂows/water for other ecosystem services.2. Results and discussion
2.1. The water–food–energy–ecosystem services nexus
An essential question is to what extent humanity has reached
one of the nine suggested planetary boundaries (PB), i.e. current
freshwater resources (Hoekstra and Wiedmann, 2014; Rockstrom
et al., 2009). The latter consist of both green and blue water re-
sources. Following the deﬁnition of (Rockström et al., 2009), green
water is “the soil water held in the unsaturated zone, formed by
precipitation and available to plants, while blue water refers to
liquid water in rivers, lakes, wetlands and aquifers”. Irrigated
agriculture receives blue water (from irrigation) as well as green
water (from precipitation), while rainfed agriculture only receives
green water. Both are key to maintain essential ecosystem services
(ES) including food production. The inclusion of green water in
integrated water resources management assessments has now
become rather standard (Aeschbach-Hertig and Gleeson, 2012;
Curmi et al., 2013; Karimi et al., 2013; Keys et al., 2012; Kiptala
et al., 2014; Vanham, 2012b; Zang et al., 2012).
Recently an updated estimation of PB-blue-water has been
carried out, based upon a bottom-up spatial quantiﬁcation of en-
vironmental ﬂow requirements (Gerten et al., 2013). This PB-blue-
water or ecological available blue water (surface and ground-
water), lies within the range 1100–4500 km3/yr (average
2800 km3/yr) of global consumption of blue water. For green water
such a threshold value has not been quantiﬁed yet (Hoekstra and
Wiedmann, 2014; Rockstrom et al., 2009).
There are naturally various options to stay within local or
global freshwater boundaries by reducing water demand and in-
crease water use efﬁciency—among them consumption of less
water-demanding products (Vanham and Bidoglio, 2013), changed
diets (Jalava et al., 2014; Vanham et al., 2013a, b), measures to
close yield gaps and increase agricultural water efﬁciency (Brau-
man et al., 2013), and reduction of food loss and waste (UN, 2013).
Blue and green water resources provide an important list of ESFig. 1. Graphical representation of the relationships between relevant classes of provisi
current water footprint accounting (municipal water use, agriculture/agricultural produ(provisioning, regulating and maintaining, cultural). Provisioning
ES include drinking water, food, feed, ﬁber, biofuels, other fuel/
energy and wood (products) (Keys et al., 2012). Currently a
“Common International Classiﬁcation of Ecosystem Services” (CI-
CES) is being developed (EEA, 2014). With respect to the water
footprint (WF) concept, especially provisioning ES are relevant
(Fig. 1). As such, blue and green water resources are essential for
human water security, food security and energy security. This
nexus is displayed in Fig. 2, which is based upon (Hoff, 2011), and
in a more detailed representation in Fig. 3.
According to the (FAO, 2002), food security is deﬁned as
“availability and access to sufﬁcient, safe and nutritious (nutrition
security) food to meet the dietary needs and food preferences for
an active and healthy life”. Food is deﬁned as a human right. The
end products for food security encompass edible agricultural
crops, livestock products (meat, dairy and eggs), freshwater ﬁsh
(wild and aquaculture), wild foods (e.g. berries, mushrooms, fruits,
nuts, game and bushmeat, insects) but also marine ﬁsh andoning ecosystem services according to CICES (EEA, 2014) and the 3 components of
cts and industry/industrial products).
Fig. 3. Detailed graphical representation of the nexus (based upon Fig. 2) showing the links between (1) available water resources (green and blue) and (2) food security;
energy security; blue water supply security and water for environmental ﬂows/water for other ecosystem services.
D. Vanham / Ecosystem Services 17 (2016) 298–307300seafood. These services are under CICES (EEA, 2014) grouped as
biomass within the division nutrition of provisioning ES (Fig. 1).
Marine waters are as such however not included in the available
water resources. Wild foods can contribute substantially to food
security and especially nutrition security in rural communities(Giesy et al., 2010; Rozell and Reaven, 2012). Food production
negatively affects water resources availability through water pol-
lution (e.g. nutrients and pesticides leaching) (Moss, 2008).
The International Energy Agency (IEA) deﬁnes energy security
as “the uninterrupted availability of energy sources at an
Table 1
Indicative values for current global water use as displayed in Fig. 4. A¼abstraction; R¼return ﬂow; C¼consumption; GW¼groundwater; SW¼surface water.
Water use Amount (km3/yr) Source Comment
Municipalities A Blue 330 Döll et al. (2012) 36% GW, 64% SW (Döll et al., 2012)
R Blue 277
C Blue 53 blue WFprod, mun¼WFcons, mun¼42 (Hoekstra and Mekonnen, 2012)
Agriculture: crops A Blue 2630 Hoekstra and Mekonnen
(2012)
740% GW, 760% SW
R Blue 1731
C Blue 899 from (Hoekstra and Mekonnen, 2012):
blue WFprod, agr¼945
Green 5771 green WFprod, agr¼ 6684
of which biofuels (Gerbens-Leenes et al., 2012):Agriculture: livestock A Blue 46 Mekonnen and Hoek-
stra (2012a) blue WFprod, agr¼42
C Green 913 green WFprod, agr¼51
from (Hoekstra and Mekonnen, 2012):
green WFcons, agr¼ 6249
blue WFcons, agr¼864
Aquaculture A Blue 385 Verdegem and Bosma
(2009)
Industry: manufacturing A Blue 264 Döll et al. (2012) 727% GW, 773% SW (Döll et al., 2012)
R Blue 154
C Blue 110 blue WFprod, ind¼WFcons, ind¼38 (Hoekstra and Mekonnen, 2012)–this includes manufacturing industries and thermal power plants
Industry: thermal power
plants (thermoelectric
energy)
A Blue 534 Döll et al. (2012) 100% SW (Döll et al., 2012)
R Blue 521
C Blue 13 blue WFprod, ind¼WFcons, ind¼38 (Hoekstra and Mekonnen, 2012)–this includes manufacturing industries and thermal power plants
Biomass for energy C Blueþgreen 535 de Fraiture and Wichelns
(2010)
Mostly ﬁrewood. Total forest C 729,000 (Oki and Kanae, 2006). The WF of biofuels is included in the WFprod, agr (agriculture: crops)
Hydropower C Blue 50 Gleick, 1994 and World-
bank, (2014)
Calculated based upon: 3000 TWh/yr production (Worldbank, 2014) and 17 m3/TWh (Gleick, 1994). Identical value as (Davies et al., 2013).
Blue 240 Gerbens-Leenes et al.
(2009) and Worldbank
(2014)
Calculated based upon: 3000 TWh/yr production (Worldbank, 2014) and 80 m3/TWh (Gerbens-Leenes et al., 2009)
Blue 730 Mekonnen and Hoekstra
(2012b) and Worldbank
(2014)
Calculated based upon: 3000 TWh/yr production (Worldbank, 2014) and 243 m3/TWh (Mekonnen and Hoekstra, 2012b)
Reservoirs C Blue 7200 Shiklomanov (2000) Total global reservoir estimation (including for hydropower)
Forestry C No global values
Recreation/tourism C No global values
Navigation C No global values
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D. Vanham / Ecosystem Services 17 (2016) 298–307302affordable price”. The UN deﬁnes it as “the access to clean, reliable
and affordable energy services for cooking and heating, lighting,
communications and productive uses (end products)”. Primary
energy is generated by means of fossil energy, nuclear energy and
renewable energy. Energy production negatively affects water re-
sources availability through water pollution, e.g. by certain shale
gas (Rozell and Reaven, 2012) or tar sands (Giesy et al., 2010) ex-
traction activities.
The nexus between energy and food security is very visible in
the amount of energy required for food security (Fig. 3), which is
about one third (32%) of global energy end consumption (from
farm to fork) (Chapagain and James, 2011; FAO, 2011). The primary
production of crops, livestock and ﬁsheries accounts for 6.6% of
global energy end consumption.
Water security is deﬁned as “access to safe drinking water and
sanitation”, both of which have recently become a human right
(UN, 2010). In 2013 UN-water proposed following deﬁnition for
water security (UN, 2013): “the capacity of a population to safe-
guard sustainable access to adequate quantities of and acceptable
quality water for sustaining livelihoods, human well-being, and
socio-economic development, for ensuring protection against
water-borne pollution and water-related disasters, and for pre-
serving ecosystems in a climate of peace and political stability”.
Following latter deﬁnition, water security in Figs. 2 and 3 in-
corporates-apart from the access to safe drinking water and sa-
nitation (domestic/municipal water)-also other blue water uses
(e.g. industry and recreation/tourism). Recreation/tourism also
includes some green water (e.g. golf courses).
Blue water security negatively affects water resources avail-
ability through water pollution (the red arrow in Fig. 2), e.g. by
returning municipal and industrial wastewater to rivers without
treatment. This is prevalent in many transition and developing
countries (Laghari et al., 2012; Vanham et al., 2011).
Additionally to the requirement of green and blue water for the
3 “securities”, green and blue water for environmental ﬂows/other
ecosystem services (provisioning, regulating, regulating and cul-
tural) are added (Table 1).
2.2. The water-footprint (WF) concept
The WF is an indicator of direct and indirect water use. The
concept has been brought into water management science in order
to show the importance of consumption patterns and the global
dimensions in good water governance (Hoekstra and Mekonnen,
2012; Vanham and Bidoglio, 2013).
For calculating WFs there are basically two methods: the vo-
lumetric approach as described by the water footprint network
(WFN) and the LCA (life cycle assessment, see e.g. (Hanaﬁah et al.,
2011)) approach (Boulay et al., 2013; Vanham and Bidoglio, 2013).
The most important difference between both methods is the
product-focus of the LCA approach and the water management-
focus of the WFN approach (Boulay et al., 2013). The WFN ap-
proach includes three components, i.e. green, blue and gray water.
The LCA-approach generally only includes blue water, as at this
point no speciﬁc methods exist assessing impacts from green
water use (Boulay et al., 2013). Within the ISO 14,046, which is
based upon the LCA approach, green water does not necessarily
result in an environmental impact and thus has not been included
as a necessary component at the impact level (ISO, 2014). As dis-
cussed in the previous section, in the framework of the water–
food–energy–ecosystem nexus, the inclusion of green water re-
sources is essential, and therefore the discussion in this paper will
be limited to the WFN approach. The green and blue components
are water consumption values (not to be confused with
abstraction).
The gray WF component is an indicator of the degree of waterpollution (Hoekstra et al., 2011). It is deﬁned as the volume of
water needed to dilute a certain amount of pollution such that it
meets ambient water quality standards (Hoekstra and Chapagain,
2007). The water quantity it represents is thereby not associated
with the actual physical water volume of return ﬂows. In praxis it
has been generally computed based upon nitrogen-leaching
(Hoekstra and Mekonnen, 2012), thereby discarding other water
pollutants. The gray WF has however in some studies also been
computed for phosphorous–e.g. (Liu et al., 2012)-and other
chemicals.
Many authors perceive this component however critically (Hoff
et al., 2014; Thaler et al., 2012; Vanham and Bidoglio, 2013). Some
authors state that it does not make sense to integrate real quan-
tities of water consumed with potential quantities of water re-
quired for diluting pollution. Some authors therefore choose not to
use this component in their WF assessments, e.g. (Hoff et al.,
2014). The WFN responded in publishing a comprehensive
guideline document on accounting the gray water footprint
(Franke et al., 2013). Before that standardization was poor. In
praxis many authors used mostly only nitrogen to compute the
gray WF, such as (Vanham, 2013) for Austria. A recent assessment
of the WF of Austria (Thaler et al., 2014) results e.g. in much higher
gray WF amounts as compared to this previous assessment
(Vanham, 2013), as the authors include phosphorus additional to
nitrogen. Based upon which elements included, the gray WF can
differ substantially. This added to the skepticism of some authors
to include the gray WF in WF accounting (Vanham and Bidoglio,
2013). Data availability on pollutants to be included (Franke et al.,
2013) will however be a restricting factor for future studies.
For geographical water resources management purposes (e.g.
nation or river basin), a geographical WF assessment is relevant. It
is important to distinguish between the WF of production (WFprod)
and the WF of consumption (WFcons) of a geographical region. The
ﬁrst refers to the total use of domestic water resources within the
region (for producing goods and services for either domestic
consumption or for export). The second refers to the use of do-
mestic and foreign water resources behind all goods and services
that are consumed domestically. A balance between the two is
reached by virtual water (VW) ﬂows (imports (VWi) and exports
(VWe)). An assessment of the WF of all nations has recently been
conducted by (Hoekstra and Mekonnen, 2012).
The WF assessment manual (Hoekstra et al., 2011) states that
WF assessments require a stage on impact assessment (WF sus-
tainability assessment). In praxis however most analyses stop at
the WF accounting stage (Vanham and Bidoglio, 2013). These re-
sulting WFs represent rather water “shoe sizes” or “water back-
packs” instead of “footprints”. An early study (Van Oel et al., 2009)
looked at WF hotspots by putting the WF in the context of local
water availability. Recently some studies (Hoekstra et al., 2012;
Zoumides et al., 2014) have conducted such a WF sustainability
assessment for blue water (blue water scarcity indicator), based
upon environmental ﬂow requirements. This relates to the PB-
blue-water, but on a spatially more detailed level. Groundwater as
a resource is not explicitly analyzed in latter papers. Blue water
scarcity assessments should however address both surface and
groundwater. A methodology to assess groundwater footprints is
presented in (Gleeson and Wada, 2013; Gleeson et al., 2012). Re-
cently, two papers (Chouchane et al., 2015; Schyns and Hoekstra,
2014) were published that explicitly distinguish between ground
and surface water and also look at the sustainability of the
groundwater-based WF. Both environmental ﬂows and ground-
water volumes should be maintained. As such, “WF caps” for river
basins could be deﬁned. A WF cap sets a maximum to the water
volume that can be allocated to the various human purposes
(Hoekstra, 2014). In relation to the fact that a PB-green-water has
not been deﬁned yet, there is no consensus on the methodology to
Fig. 4. Indicative values for current global water resources (ﬂuxes) and water use. Water volume values are in km3/yr. Green arrows relate to greenwater, blue arrows to blue
water, gray arrows to gray water. Abbreviations: A¼Abstraction; C¼Consumption; R¼Return ﬂow (to both surface and groundwater); SW¼Surface water;
GW¼Groundwater; V¼Volume or storage; P within footprint sign¼WFprod; C within footprint sign¼ WFcons; mun¼municipalities; ind¼ industries; agr¼agriculture. Data
sources are listed in the text.
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Fig. 5. A list of essential WF (WFprod and WFcons) components which need to be
included in WF accounting to address the nexus; the size of the boxes does not
relate to speciﬁc quantities.
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sessment for gray water was e.g. conducted by (Liu et al., 2012).
Raising water productivity (“more crop per drop”) in agri-
culture can offer solutions to address the increasing pressure on
the global freshwater resources. Water productivity (ton/m3) in
crop production is in fact the inverse of the green–blue water
footprint (m3/ton) of crop production. Thus increasing water
productivity means decreasing the WFprod for crops. Water foot-
print benchmarks for crop production (Mekonnen and Hoekstra,
2014) can be an instrument to compare actual WFs in certain re-
gions or even at ﬁeld level to certain reference levels and can form
a basis to formulate WF reduction targets, aimed to decrease water
consumption and pollution per unit of crop. Previous studies—not
dealing with the WF concept-have also addressed the important
topic of water productivity, e.g. (Brauman et al., 2013).
2.3. Global water resources, water use and the WF concept relation
2.3.1. Green and blue water resources
Fig. 4 presents indicative annual values for current global water
resources and water use, as obtained from different literature
sources. Each indicated value is obtained from one corresponding
single source only. As such, the balance between water resources
and water use does not hold 100% within the ﬁgure. It is shown
where WFprod and WFcons values ﬁt within the water ﬂows.
Terrestrial precipitation amounts to 111,000 km3/yr (Oki and
Kanae, 2006). This precipitation results in 40–45% blue water re-
sources and 55–60% green water resources. Total blue water re-
sources (51,000 km3/yr) include groundwater (GW) (15,000 km3/
yr) and surface water (SW) (36,000 km3/yr) (Wada et al., 2010).
The value for total blue water resources is within the range from
42,000 to 66,000 km3/yr. The value for total green water resources
(65,000 km3/yr) is within the range from 60,000 to 85,000 as re-
ported by (Haddeland et al., 2011). According to (Gerten et al.,
2013), ecological available blue water (surface and groundwater),
or PB-blue water, is within the range 1100–4500 km3/yr. (Pastor
et al., 2013) describe highest environmental ﬂow requirements tobe at 48% of mean annual ﬂows according to the (Smakhtin et al.,
2004) method and lowest environmental ﬂow requirements at
26% of mean annual ﬂows.
2.3.2. Water use for municipalities
According to (Döll et al., 2012), total water abstraction for do-
mestic purposes is 330 km3/yr (36%GW, 64%SW), of which 53 km3/
yr is consumptive use. Although often deﬁned as domestic water,
these volumes actually represent municipal water use. Municipal
water use (or public water use) includes domestic water use and
commercial water use (Vanham and Bidoglio, 2014). The latter
includes water supply to small businesses, hotels, ofﬁces, hospitals
and schools. Public water use also represents water for non-per-
manent residents (like commuters or tourists). It can also include a
part of industrial water use which is connected to the municipal
network.
In WF assessments, this municipal use is referred to as the WF
of domestic water use. The WFprod equals the WFcons. The blue
component amount is 42 km3/yr (Hoekstra and Mekonnen, 2012).
For its calculation a consumptive portion of 10% of abstracted
water was used (Hoekstra and Mekonnen, 2012). In this paper this
component will be referred to as the municipal WF (WFprod, mun
and WFcons, mun).
2.3.3. Water use for agriculture and other food products (food
security)
The agricultural WFprod (or WFprod, agr) consists of green
(5771 km3/yr) and blue (899 km3/yr) (and gray, 733 km3/yr) water
for crop production, green grazing water (913 km3/yr) and blue
drinking and service water (46 km3/yr) for livestock (Hoekstra and
Mekonnen, 2012). The green and blue values for WFprod, agr result
from the spatially distributed modeling of 126 (edible and some
non-edible) crops (see also Fig. 5). The crop irrigation blue water
consumption (899 km3/yr) is in the lower range of global esti-
mates, but total crop consumption (gnþbl 6670 km3/yr) is rather
average amongst other global estimates (Mekonnen and Hoekstra,
2011). The WFprod, agr for livestock (grazing and service water, feed
crops are included in the crops WFprod, agr) were computed for
8 farm animal categories (Mekonnen and Hoekstra, 2012a). Note
that in this approach the WFprod, agr of grazing (913 km3/yr) only
refers to the green water consumed by livestock, not the total
green water consumption of grazing lands which amounts to
about 14,400 km3/yr (Oki and Kanae, 2006).
The total agricultural WFcons (WFcons, agr) (Figs. 4 and 5) is
smaller than the WFprod, agr. That is because it is computed based
upon the edible crop and livestock products listed in national FAO
food balance sheets (FBS), disregarding other non-edible uses
apart from some products like cotton or tobacco. The WFcons, agr
does not contain non-edible agricultural products like oil for soap
or (1st generation) biofuels.
The difference between the values in WFprod, agr and WFcons, agr
can also partly be attributed to inconsistencies in the underlying
databases.
Remaining components of food security (Figs. 2 and 3) which
have not been quantiﬁed in WF studies up to date are wild foods
(e.g. from forests or grasslands), wild ﬁsh and aquaculture pro-
ducts. These products are generally also not included in water use
statistics. AQUASTAT however publishes data on water withdrawal
for aquaculture, generally included in agricultural water with-
drawals. Global water withdrawal for freshwater aquaculture was
estimated by (Verdegem and Bosma, 2009) to be 385 km3/yr, al-
though part of this amount is already included in irrigation water
withdrawals (in multi-use systems like aquaculture production in
rice ﬁelds). Water use for the food-processing industry is generally
included in industrial water use statistics (as such in the industrial
WF).
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General industrial water use statistics (e.g. AQUASTAT–self-
supplied industries) incorporate manufacturing industries and
water for cooling of thermal power stations (thermo-electricity),
but do not differentiate between the two. EUROSTAT e.g. does
differentiate between the two. Manufacturing industry water use
normally includes water use for mining and for the production of
some primary energy sources (coal, gas, oil). Hydropower water
use is not included in general water use statistics like AQUASTAT or
EUROSTAT.
Global industrial water use (abstraction or A 798 km3/yr) is
differentiated by Döll et al. (2012) into water use of manufacturing
industries (A 264 km3/yr; consumption or C 110 km3/yr) and water
use for cooling of thermal power stations (A 534 km3/yr; C 13 km3/
yr; values excluding reservoir evaporation). Similar median values
for the latter (A 568 km3/yr; C 25 km3/yr) are reported by Davies
et al. (2013). These authors also determine the proportions of
thermoelectric water use by primary energy source (coal, oil, gas,
nuclear etc.).
The WF of industry (where WFprod, ind equals WFcons, ind due to
a used top-down approach), which equals 43 km3/yr blue water
(and 282 km3/yr gray water) does not differentiate between
manufacturing industry and thermal power plants within the
study (Hoekstra and Mekonnen, 2012). The authors assumed that
5% of the water withdrawn for industrial purposes is actual con-
sumption (blue WF) and that the remaining fraction is return ﬂow.
Within the global study (Hoekstra and Mekonnen, 2012), there is
also no differentiation in the WFprod, ind between different man-
ufacturing industries (referring e.g. to food security—amongst
which food-processing industry-or energy security). There are no
global studies that show the WF of industry per industrial sector,
but there are quite some WF case studies for speciﬁc industrial
sectors. Unit WFprod of energy sources covered in manufacturing
industries statistics (oil, natural gas, etc) are e.g. presented by
(Gerbens-Leenes et al., 2009) and (Hadian and Madani, 2013).
Water consumption of biomass for energy (mostly ﬁrewood)
adds up to 535 km3/yr (de Fraiture and Wichelns, 2010). According
to Gerbens-Leenes et al. (2012), in 2005 the WF of bioethanol and
biodiesel crops was 93 km3/yr (blue water 42 km3/yr and green
water 51 km3/yr). A similar value of total biofuels (104 km3/yr) is
given by de Fraiture and Wichelns (2010). As discussed, this WF
value is included in the WFprod, agr but not in the WFcons, agr (Figs. 4
and 5). A new study (Mekonnen et al., 2015) quantiﬁes the WF of
electricity and heat to be 378 km3/yr.
Lake volume storage represents about 175,000 km3 (91,000
freshwater and 85,000 saline), with an evaporation (C) of
1300 km3/yr (Oki and Kanae, 2006) (Fig. 4). Of this freshwater
volume about 400 km3 is regulated, additional to a man-made
reservoir volume of about 5900 km3 (Döll et al., 2009). A hydro-
electricity production of about 3000 TWh/yr in 2006 (Worldbank,
2014) results with an average unit water consumption of 17 m3/
TWh (Gleick, 1994) in a gross evaporation of 50 km3/yr from both
latter reservoir volumes. This value was also calculated by (Davies
et al., 2013). A unit water consumption of 80 m3/TWh (Gerbens-
Leenes et al., 2009) and 243 m3/TWh (Mekonnen and Hoekstra,
2012b) result in about 240 and 730 km3/yr. These two values ex-
ceed the total reservoir evaporation estimate (about 200 km3/yr)
of (Shiklomanov, 2000). There is thus a large range of uncertainty
in the calculation of the water footprint of hydropower, a quantity
which is currently not added to geographical/community WFprod
or WFcons amounts. Bakken et al. (2013) also pointed out that the
allocation of reservoir evaporation to only hydropower ignores the
frequent multipurpose use of reservoirs. It also needs to be
stressed that these values are calculated based upon reservoir (or
storage) hydropower, ignoring the fact that a proportion of total
hydroelectricity production comes from run-of-river plants. Thelatter generally have a WF of zero. In accordance to other WF
stakeholder quantiﬁcations, the gross calculation method is
correct.
2.3.5. Water use for forestry
The water use for forestry is not included in general water use
statistics nor WF quantiﬁcations. Forestry for energy production
was already discussed in the section on water use for industry and
energy. For other forestry products (e.g. paper or furniture) WF
quantiﬁcations could lead to substantial values, as both green and
blue water are included. Analyses regarding the WF of paper have
been made (van Oel and Hoekstra, 2012), but currently the re-
sulting quantities are not included in geographical/community
total WFprod/WFcons assessments. The authors indicate that for
forestry the distinction between green and blue water use is not
always clear, as trees use rainfall water and tap from groundwater
resources simultaneously.
2.3.6. Water use for recreation/tourism
Not included in general water use statistics nor WF quantiﬁ-
cations is the water use for recreation/tourism, apart from some
exceptions like (Cazcarro et al., 2014). This includes blue water for
swimming pools (except when included in municipal water use),
blue and green water for golf courses or blue water for snow-
making. These water uses can however – for speciﬁc geographical
regions – be very substantial (Salgot et al., 2012; Vanham, 2012a;
Vanham et al., 2009). For a ski region of 19 municipalities in the
Austrian Alps (Vanham et al., 2009) e.g. calculated that about 95%
of total water demand in December is for snowmaking. For the US
e.g., (Throssell et al., 2009) calculated a blue water use by golf
courses of about 3 km3/yr.
2.3.7. Water use for navigation
Also the water use for navigation is not included in general
water use statistics nor WF quantiﬁcations (Gleick, 2003). This is a
typical in-stream water use, apart from water abstractions for
navigation canals.
2.4. Expanding current geographical/community water footprint
accounting, addressing the water–food–energy–ecosystem services
nexus
Fig. 5 presents a list of essential WF (WFprod and WFcons)
components that need to be included in WF accounting in order to
address the nexus. This includes a set of green and blue (and op-
tionally gray) water uses which are generally not accounted for in
WF studies.
Regarding crop and livestock products, a differentiation needs
to be made between food, feed, non-edible products and biofuels.
For the WF of industrial products a distinction needs to be made
between a WF for manufacturing industries and a WF of hydro-
electric cooling. Separate WF components are a WF of aquaculture,
a WF of wild foods, a WF of hydropower, a WF of recreation/
tourism, a WF of tree biomass for energy, a WF of forestry tree
biomass (excluding for energy), a WF of navigation and a WF of
multiple uses of reservoirs. The latter is important as reservoirs are
often used for multiple purposes (resulting in no clear allocation of
proportional consumptive blue water use). To be consistent with
other users, also blue WF values for reservoirs should be added to
the municipal and agricultural WFs, when they are only used by
these water users. There is no inclusion of a WF for wild fresh-
water ﬁsh. These can be accounted for in environmental ﬂows.
Alternatively as a proxy the aquaculture species could be used.
It is anticipated that WF values will increase substantially by
including all these separate components, as compared to many
current WF accounting studies which generally exclude some of
Fig. 6. Example of WF components (from Fig. 5) to split up to address the nexus
even better.
D. Vanham / Ecosystem Services 17 (2016) 298–307306these components. Especially components which include a green
WF (e.g. forestry) can have a large effect. In the study Hoekstra and
Mekonnen (2012) e.g., the total green and blue (without gray)
WFcons of the Netherlands adds up to 3245l/cap/d (4014l/cap/d
with gray). However, when adding the green and blue WF of paper
consumption in the Netherlands (average 3.9 km3 or 670 l/cap/d)
(van Oel and Hoekstra, 2012) the former value would already in-
crease by 21% to 3915l/cap/d.
Some WF components of this list could further be split up by
attributing them to either food security, water security or energy
security as displayed in Fig. 6, to address the nexus even better.
Some WF components of Fig. 5 can be split up into these 3 secu-
rities, others in 2. Fig. 6 gives an example of such a split for the
components manufacturing industries and tree biomass for en-
ergy. Related to food security, this would e.g. split the component
municipal WF in a part which accounts for cooking/dishwashing
or split the component tree biomass for energy in a part where the
energy is used for food security and so on. It is however clear that
this approach would require an enormous amount of data, in the
praxis very often not available.3. Conclusions
Within a ﬁrst section of this paper the links between the
components of the water–food–energy–ecosystem services nexus
are analysed and visualized in a graphical representation
(Figs. 2 and 3). In a second section the WF concept is concisely
discussed and evaluated. WF accounting refers to provisioning
ecosystem services only and quantiﬁes consumptive water use (C).
A third section discusses global water resources (green and blue)
availability and use (as deﬁned by the nexus presented in
Figs. 2 and 3) based on a graphical presentation (Fig. 4). It is shown
that many water management and WF studies do not identify
important nexus water users as separate entities or they even
exclude them. This paper argues that there is a need for extendingand detailing actual statistics in current WF accounting.
Therefore, in a fourth section of the paper, a list of essential WF
(WFprod and WFcons) components that need to be included in WF
accounting in order to address the nexus is presented (Fig. 5).
Dependent on data availability, particular components can even be
further divided and attributed 100% to either food security, water
security or energy security, resulting in an even more detailed WF
(Fig. 6).
When such a detailed WF accounting approach has been as-
sessed, a WF sustainability assessment needs to be carried out,
where total blue and green WFprod values are compared to avail-
able blue and green water resources (on a global level planetary
boundaries green and blue water resources)(Hoekstra et al., 2011;
Hoekstra and Mekonnen, 2012; Hoekstra and Wiedmann, 2014;
Rockstrom et al., 2009; Vanham and Bidoglio, 2013). To deﬁne
integrated policies, also other resources–or planetary boundaries
(Rockstrom et al., 2009) – need to be evaluated in parallel,
amongst which land, phosphorus and nitrogen. Parallel to the
water nexus, e.g. the land–food–energy–ecosystem services nexus
needs to be addressed.Acknowledgments
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